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Surface proteins of tick-borne, intracellular bacterial pathogens mediate functions essential for invasion and
colonization. Consequently, the surface proteome of these organisms is specifically relevant from two biological
perspectives, induction of protective immunity in the mammalian host and understanding the transition from
the mammalian host to the tick vector. In this study, the surface proteome of Anaplasma marginale, a
tick-transmitted bacterial pathogen, was targeted by using surface-specific cross-linking to form intermolec-
ular bonds between adjacent proteins. Liquid chromatography and tandem mass spectroscopy were then
employed to characterize the specific protein composition of the resulting complexes. The surface complexes of
A. marginale isolated from erythrocytes of the mammalian host were composed of multiple membrane proteins,
most of which belong to a protein family, pfam01617, which is conserved among bacteria in the genus
Anaplasma and the closely related genus Ehrlichia. In contrast, the surface proteome of A. marginale isolated
from tick cells was much less complex and contained a novel protein, AM778, not identified within the surface
proteome of organisms from the mammalian host. Immunization using the cross-linked surface complex
induced protection against high-level bacteremia and anemia upon A. marginale challenge of cattle and
effectively recapitulated the protection induced by immunization with whole outer membranes. These results
indicate that a surface protein subset of the outer membrane is capable of inducing protective immunity and
serves to direct vaccine development. Furthermore, the data support that remodeling of the surface proteome
accompanies the transition between mammalian and arthropod hosts and identify novel targets for blocking

transmission.

Outer membrane proteins of tick-borne, intracellular bacte-
rial pathogens mediate functions necessary for survival, repli-
cation, and transmission. Thus, surface-expressed proteins are
logical candidates for vaccine development targeted to either
induce protective immunity in the mammalian host or prevent
colonization of the tick vector. Comprehensive identification
of the surface proteome is a critical step in this vaccine devel-
opment, a process which has been dramatically accelerated by
genome sequencing. Recently, complete genome sequences
have been reported for several animal and human pathogens in
the family Anaplasmataceae, including Anaplasma marginale,
Anaplasma phagocytophilum, Ehrlichia chaffeensis, Ehrlichia
canis, Ehrlichia ruminantium, and Neorickettsia sennetsu. None-
theless, identification of the surface proteome in these bacte-
rial pathogens has been constrained by several factors. First,
compared to other gram-negative bacteria, the cell wall of
these organisms is unusual, in part, because it lacks lipopoly-
saccharide (LPS) (10). Consequently, prediction models, such
as PSORT, are often inaccurate and have failed to correctly
predict the location of several proteins confirmed to be surface
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exposed through biochemical and immunologic labeling tech-
niques (3). Second, the genomes of these organisms generally
encode a large number of hypothetical proteins and proteins
that lack homology to proteins with known or predicted func-
tion in other, more comprehensively studied bacteria. Third,
the abundance and immunodominance of a single family of
outer membrane proteins, designated pfam01617, shared by
organisms within the family Anaplasmataceae, may mask other
less abundant but immunologically or functionally significant
surface components. Thus, direct analysis of the surface pro-
teome of pathogens within the genera Anaplasma and Ehrlichia
is required to define critically important immunologic and func-
tional features of the surface-exposed molecules (7, 8, 12).

In the context of disease prevention, the surface proteome of
these organisms is particularly important from two biological
perspectives, induction of protective immunity in the mamma-
lian host and understanding the transition from the mamma-
lian host to the tick vector. In A. marginale, purified outer
membranes induce protection against acute bacteremia and
severe disease, while many well-described individual native and
recombinant proteins are poorly protective (20, 21, 23-25).
The protection-inducing outer membrane preparation is com-
plex and contains in excess of 25 proteins, not all of which are
surface exposed (12). Consequently, the first objective of this
study was to define specific members of surface-expressed pro-
tein complexes and test whether these complexes induce pro-
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tective immunity that recapitulates the immunity induced by
outer membrane immunization.

The second objective of this study was to compare the sur-
face proteome of A. marginale isolated from tick cells and
erythrocytes. The surface proteome of many tick-borne bacte-
rial pathogens is remodeled during the transition between
mammalian and arthropod hosts. The most clearly defined
example is Borrelia burgdorferi, the causative agent of Lyme
disease, which modulates surface lipoprotein expression in or-
der to survive in different host tissues. For example, OspA is
essential for colonization and survival of this spirochete within
the tick midgut (19, 34). In contrast, OspC is required to infect
the mammalian host and is up-regulated during tick feeding in
preparation for transmission to a new host (29, 30). Alterations
that occur in the surface-exposed proteome upon the transition
between host species are less well defined in Anaplasma and
Ehrlichia spp., and investigations have been confined to a sin-
gle protein family, pfam01617. However, comparison of ex-
pression of specific outer membrane proteins within this pro-
tein family has revealed host cell-dependent switching and
shifts in levels of expression of these closely related proteins (6,
27, 31).

The experiments described here use surface-specific cross-
linking to target surface proteins followed by liquid chroma-
tography and tandem mass spectroscopy (LC-MS/MS) coupled
with searches of the A. marginale genome to identify the com-
ponents of surface-expressed protein complexes. First, the sur-
face complexes expressed in A. marginale isolated from eryth-
rocytes were characterized. The complexes were then used as
an immunogen to test whether this outer membrane subset
would recapitulate the protective immunity induced by whole
outer membranes. Second, the 4. marginale surface complexes
isolated from erythrocytes and tick cells were compared in
order to define the global changes in surface expression that
accompany the transition between host cells and to identify any
molecules uniquely expressed in tick cells. We report the re-
sults of these experiments and discuss their significance in
terms of next steps in vaccine development and understanding
mechanisms of tick-borne transmission.

MATERIALS AND METHODS

A. marginale isolation. (i) Erythrocytes. Calf C1149 was splenectomized and
inoculated with the St. Maries strain of A. marginale. Erythrocytes from this calf
were cryopreserved as stabilate in liquid nitrogen when parasitemia reached
18.6%, as previously described (4). Intact A. marginale cells were isolated from
this stabilate. Six ml of stabilate was placed in each 50-ml Oakridge tube.
Samples were washed five to seven times in phosphate-buffered saline (PBS) to
remove hemoglobin and cryopreservative by centrifugation (Avanti J-25; Beck-
man Coulter) at 35,000 X g for 20 min. The washed erythrocytes from two
Oakridge tubes (the equivalent of 12 ml of stabilate) were combined, and the
volume was brought up to 15 ml with PBS for sonication. Sonication (Branson
digital sonifier 450; 400-W maximum output) was done at 70% of maximum for
4 min total in 30-s intervals. The samples were then brought up to a 50-ml volume
with PBS and centrifuged at 35,000 X g for 20 min. The resulting pellet was
placed in a 1.5-ml Eppendorf tube and centrifuged at 15,800 X g for 15 min. The
top, pale pink, fluffy portion of the pellet (erythrocyte membranes) was dis-
carded, while the dark pink, bottom portion of the pellet (4. marginale) was
saved and washed two to three times with PBS by centrifugation at 15,800 X g for
20 min. Isolated A. marginale cells were resuspended in 0.2 to 0.5 ml of PBS,
divided into 100-pl aliquots, and stored at —80°C.

(ii) ISEG6 tick cells. ISEG6 cells infected with the St. Maries strain of A. margi-
nale were grown to confluence (15, 16). Infection of the cells was monitored by
examining Giemsa-stained cytospins. When approximately 80% of the ISE6 cells
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TABLE 1. Properties of the selected cross-linking agents

Spacer

Linking arm Reactive Functional Cleaving
agent (Ay" group group? reagent(s)

Sulfo-DST 6.4 NHS-ester Amine None

BS3 11.4 NHS-ester Amine None

DTSSP 12.0 NHS-ester Amine Thiols
Sulfo-EGS 16.1 NHS-ester Amine Hydroxylamine
Sulfo-SAND 18.5 NHS-ester/aryl ~ Amine, Thiols

azide nonselective

“ Length of the spacer arm in angstroms.
® Target of reactive group.

were infected, the cells were flushed from the bottom of the flask, and lysed by
repeated aspiration (five times) through a bent, 0.437-mm diameter needle. A4.
marginale cells were separated from the lysate by filtration through a 2-pm
GMF-150, 25-mm-diameter filter (Whatman, Florham Park, NJ) into 1.5-ml
Eppendorf tubes (28). The filtrate was washed three times in PBS by centrifu-
gation at 11,000 X g for 11 min. After the final wash, the initial bodies were
resuspended in 0.2 to 0.5 ml PBS, divided into 100-ul aliquots, and frozen at
—80°C.

Cross-linking outer membrane proteins. A. marginale proteins isolated
from erythrocytes were cross-linked with disulfosuccinimidyltartrate (sulfo-
DST), bis(sulfosuccinimidyl)suberate (BS®), 3,3’-dithiobis[sulfosuccinimidyl-
propionate] (DTSSP), ethylene glycolbis(sulfosuccinimidylsuccinate) (sulfo-
EGS), and sulfosuccinimidyl 2-[m-azido-o-nitrobenzamidolethyl-1,3’-dithiopropionate
(sulfo-SAND). The same cross-linkers, with the exception of sulfo-SAND, were
used to cross-link the A. marginale isolated from ISEG tick cells. All cross-linkers
were made by Pierce (Rockford, IL), except sulfo-DST, which was made by
Soltec Ventures (Beverly, MA). Sulfo-DST (6.4-A spacer arm), BS® (11.4-A
spacer arm), DTSSP (12-A spacer arm), and sulfo-EGS (16.1-A spacer arm) are
membrane impermeable, homobifunctional, and have N-hydroxysuccinimide
(NHS)-ester groups which react with primary amines. Sulfo-SAND (18.5-A
spacer arm) is also membrane impermeable but is heterobifunctional with an
amine-reactive N-hydroxysuccinimide-ester and a photoactivatible nitrophenyl
azide (Table 1). Optimization of the cross-linking reaction was done in PBS using
from 0.1 to 5.0 mM of linking agent and up to 20 mM of DTSSP and 10 mM of
sulfo-DST. A 3.0 mM concentration of linking agent was determined to be
optimal. A. marginale isolated from erythrocytes was treated with all cross-
linkers, separated by gel electrophoresis, and submitted for LC-MS/MS. LC-
MS/MS was done on A. marginale isolated from ISE6 cells and treated with
DTSSP and BS3. For LC-MS/MS, 200 pg of isolated A. marginale was cross-
linked with 3 mM cross-linker in PBS and a final volume of 82 pl for 30 min with
intermittent gentle mixing. Cross-linking was halted with 20 mM Tris pH 7 for 15
min. A. marginale materials were then pelleted by centrifugation at 15,800 X g for
15 min. The A. marginale was resuspended in 50 pl of lysis buffer (50 mM Tris,
1% Nonidet P-40, pH 8), and 30 .l of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer. In the case of DTSSP and sulfo-
SAND, which each have a cleavable disulfide bond within the spacer arm, the
SDS-PAGE buffer lacked a reducing agent. To prepare immunogen, a final
concentration of 3 mM DTSSP was used to cross-link 4. marginale isolated from
erythrocytes. Cross-linking was done with aliquots of 500 ug of protein and with
PBS in a final volume of 208 pl.

Gel electrophoresis. Cross-linking was confirmed by SDS-PAGE using 4 to
20% prepoured polyacrylamide gels (Bio-Rad, Hercules, CA). Gels were then
stained with Sypro ruby (Bio-Rad) overnight, destained for 2 h with 70% acetic
acid and 10% methanol, and rinsed with water, and proteins bands were visual-
ized with UV light. For LC-MS/MS and immunization, the complexed proteins
were separated from other cellular components by gel electrophoresis using a
1.5-mm-thick 1 to 10% polyacrylamide separating gel (35.5:1 acrylamine:bis-
acrylamide; Fisher, Rockford, IL) with 0.8% agarose (SeaKem HGT) and an
0.8% agarose stacking gel in a vertical system (1, 5, 9). Samples were boiled for
3 min and loaded into the appropriate well. Electrophoresis occurred in running
buffer with 0.05 M Tris, 0.384 M glycine, and 0.1% SDS at pH 8.3 at 12to 20 V
for 24 to 36 h (1).

LC-MS/MS and A. marginale database search. After electrophoresis, gels were
stained overnight with Sypro ruby, as described above. Large-molecular-size
bands representing complexes and protein bands between 15 and 40 kDa were
excised and destained overnight in 50% methanol and 5% acetic acid in water.
In-gel trypsin digests were done as previously described (12). The trypsin-di-
gested samples were analyzed by LC-MS/MS as previously described using an
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Esquire HCT electrospray ion trap (Bruker Daltonics, Billerica, MA) and LC
Packings Ultimate Nano high-performance liquid chromatography system with
the following modifications of the LC procedure (13). An LC Packings mono-
lithic column, PS-DVB, was used to separate the trypsin fragments using 0.1%
formic acid buffers. A flow rate of 800 nl/min with five steps of linear gradient was
used as follows: 5% buffer B at 3 min, 15% buffer B at 15 min, 30% buffer B at
60 min, 65% buffer B at 95 min, and then 100% buffer B at 95.1 min and held at
100% until 115 min. Buffer A was composed of 0.1% formic acid with 3%
acetonitrile. Buffer B was composed of 0.1% formic acid with 95% acetonitrile.
MS/MS fragment ion lists were compared, using a local MASCOT server (www
.matrixscience.com), to the genome of the St. Maries strain of 4. marginale (3).
Identification of complexed proteins was based on peptides with ion scores of
>47 with a high likelihood that the peptide match was not a random event (P <
0.0001), while identification of noncomplexed proteins was based on peptides
with ion scores of =18 and P values of <0.05.

Immunization and challenge. (i) Preparation of protein complexes for immu-
nization. Approximately 2.5 mg of cross-linked, solubilized A. marginale was
loaded in each gel. The top approximately 3 mm of each stacking gel containing
the complexes was excised and placed in 12.5 ml of 1X PBS. A portion of the gel
was stained with Sypro ruby to confirm cross-linking. The complexes were re-
leased from the agarose by boiling for 3 min. The mixture of complexes, PBS, and
melted agarose was centrifuged at 35,000 X g for 20 min to form a soft agarose
pellet. The agarose pellet was saved. The protein complexes within the super-
natant were then concentrated with a 15-ml, 50,000 molecular weight cutoff
Centriprep centrifugal filter device (Millipore, Billerica, MA) and combined with
the agarose pellet. The immunogen was homogenized by repeated aspiration
with a 0.467-mm-diameter needle and 6-ml syringe. The presence of the protein
complex in the immunogen was confirmed with gel electrophoresis and Sypro
ruby staining.

(ii) Preparation of outer membranes for immunization. Outer membranes of
A. marginale from calf C1149 were isolated using sucrose density gradient cen-
trifugation. A. marginale was purified as described above, resuspended in 20%
sucrose in 10 mM HEPES, and sonicated on ice for 4 min at the maximum setting
to disrupt the membranes. The supernatant was layered on a sucrose gradient
and centrifuged at 82,000 X g for 20 h, as previously described (12, 32).

(iii) Animals. The bovine lymphocyte antigen-DRB3 alleles of 15 Holstein
calves were determined by the PCR-restriction fragment length polymorphism
method and sequencing exon 2 of the DRB3 gene (18, 26, 33). The animals were
divided into three groups of five animals per group. One animal with the fol-
lowing DRB3 alleles was in each group: DRB3*1101/%0101, DRB3*1501/*0101,
and DRB3*1501/*1501. One animal in the outer membrane-immunized group
and complex-immunized group had DRB3*0101/%0101, while the corresponding
animal in the adjuvant-only group was half-matched, with DRB3*1101/*0101.
The remaining animal in the complex-immunized group had DRB3*2002/*0101,
and the remaining animals in the outer membrane and adjuvant-only groups had
DRB3*1501/¥1201 and DRB3*0101/¥1201, respectively. The calves were immu-
nized five times at 3-week intervals with approximately 35 pg of either outer
membranes or complexes suspended in 1 mg of saponin in a total volume of 1 ml.
The third group of five calves was similarly immunized on the same schedule
using 1 mg of saponin only.

(iv) Challenge. Four months after the last immunization, calves were chal-
lenged intravenously with approximately 1 X 10* of 4. marginale (St. Maries
strain) in 1 ml of Hanks’ balanced salt solution. The A. marginale was acquired
from calf 31919, which had 3.1% infected erythrocytes and a packed cell volume
(PCV) of 33%. Starting 10 days postchallenge, all calves were bled daily and the
PCV and percent erythrocytes containing bacteria were determined. Data anal-
ysis for the percent infected erythrocytes began the first day that 1% of eryth-
rocytes were infected (day 26 postchallenge) in any animal. Data analysis for
PCV started the first day a group of animals had a mean 30% decrease in PCV,
which corresponded to 36 days postchallenge. Repeated-measures analysis of
variance on data ranks (Friedman’s analysis of variance) was used to analyze the
data, as they were not normally distributed.

SDS-PAGE and immunoblotting. Sonicated pellets of A. marginale (St. Maries
strain)-infected erythrocytes from calf C1149 were stored in proteinase inhibitor
buffer at —80°C, as previously described (17). The equivalent of 1 X 10% infected
erythrocytes was loaded in each well and electrophoresed at 70 to 80 V. After
transfer to nitrocellulose, proteins were detected using monoclonal antibodies or
bovine immune serum. To determine immunoglobulin G (IgG) titers, serum
from the immunized animals was serially diluted from 1:300 to 1:30,000, and
antibody binding was detected with horseradish peroxidase-labeled goat anti-
bovine IgG (Kirkegaard & Perry Laboratories, Gaithersburg, MD) diluted to
1:4,000 and developed with an ECL Western blotting detection system (Pierce,
Rockford, IL). Monoclonal antibody AnaF16C1, which detects Msp5, was di-
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FIG. 1. Effective and specific A. marginale surface protein cross-
linking. Intact bacteria isolated from erythrocytes were untreated or
treated with 3 mM DTSSP and electrophoresed under nonreducing
(NR) and reducing (R) conditions. Monoclonal antibodies 121/1055
and AnaF16C1 were used to detect Omp9 and MspS5, respectively.

luted to 2 wg/ml, and anti-Omp9 monoclonal antibody 121/1055 was diluted to 4
png/ml. Antibody binding was detected with goat anti-mouse antibody diluted to
1:10,000 using the Western Star chemiluminescence system (Applied Biosystems,
Foster City, CA).

RESULTS

Cross-linking the A. marginale outer membrane. Cross-link-
ing of A. marginale isolated from erythrocytes and tick cells
resulted in the formation of a single, large-molecular-size
band, consistent with protein complex formation. To ensure
that the large-molecular-size band was a specific result of the
cross-linking, DTSSP cross-linked A. marginale proteins were
analyzed with Western blotting under both reducing and non-
reducing conditions. DTSSP has a disulfide bond in the spacer
arm, which is cleavable with reducing agents. In cross-linked
samples, Omp9, used as a marker protein, was present in the
large-molecular-size band, indicating complex formation (Fig.
1). However, upon treatment of the cross-linked complexes
with a reducing agent (B-mercaptoethanol), Omp9 was re-
leased from the complexes and migrated to its expected size of
40 kDa. Omp9 from non-cross-linked A. marginale migrated to
40 kDa under both reducing and nonreducing conditions, in-
dicating the presence of Omp9 within the large complexes was
due to cross-linking rather than the electrophoresis conditions.
As a control, Msp5, which was not identified in the intermo-
lecular bound complexes (as reported below), was identified in
both the cross-linked and reduced samples at the expected
molecular size (Fig. 1).

The pattern of cross-linking in A. marginale isolated from
erythrocytes and tick cells was similar with all cross-linkers
used, with the exception of sulfo-DST, as visualized in 4 to 20%
polyacrylamide gels. However, the banding patterns of non-
cross-linked A. marginale proteins and those treated with sulfo-
DST were identical, even when using up to 10 mM of cross-
linker (data not shown). Sulfo-DST has the shortest spacer
arm, 6.4 z&, which likely forms intra- rather than intermolecular
bonds. Additionally, in the samples treated with sulfo-DST,
peptides from many of the known and predicted outer mem-
brane proteins, including Msp2, Msp3, Msp4, Omp4, Omp7,
Omp8, Omp9, Omp10, and OpAG2, were identified by LC-
MS/MS at their expected molecular sizes, thus confirming that
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TABLE 2. Composition of surface protein complexes in A. marginale cells isolated from erythrocytes

. Surface location basis
Protein

MASCOT ion score”

PSORT prediction (score)

(reference)* BS® (114 A)  DTSSP (12A)  Sulfo-EGS (16.1 A)  Sulfo-SAND (18.5 A)
Msp2 Exptl (12, 24) 1,127 1,951 858 116
Msp3 Exptl (12, 24) 1,087 1,204 858 206
Omp7 Exptl (12)° 166 338 66 99
PSORT Outer membrane (0.309)
Am854 Exptl (12)° 102 78 53
PSORT Outer membrane (0.790)
Omp8 PSORT Outer membrane (0.414) 100 103 58
OpAG2 Exptl (11) 166 113 51
Am779 PSORT Outer membrane (0.936) 53 87
Mspla Exptl (24) 100 101
Msp4 Exptl (24) 98 78
Ompl PSORT Outer membrane (0.166) 60 70
Omp9 PSORT Outer membrane (0.530) 257 135
Am1011 Not predicted 55
Am780 Not predicted 63
Ompll PSORT Outer membrane (0.795) 64
VirB10 Exptl (12)° 51 58
Am1051 Not predicted 52
Am366 Exptl (12)° 51
Am712 Not predicted 50

“ Surface exposure was determined based on experimental evidence (reference in parentheses) or a PSORT prediction for gram-negative bacteria (http:

/[psort.nibb.ac.jp/form.html).

® MASCOT ion scores that were greater than 47 for the linking agent (spacer arm lengths indicated in parentheses) and were significant (P < 0.0001). Included is

the highest ion score from multiple samples.

¢ Proteins were previously identified in whole outer membranes but with unconfirmed surface expression.

minimal to no cross-linking occurred with sulfo-DST (data not
shown).

Composition of the surface protein complexes. All proteins
detected in the cross-linked complexes of A. marginale isolated
from erythrocytes, except four, were known or predicted to be
surface expressed, consistent with the surface specificity of
cross-linking. This indicated that gel electrophoresis was an
effective means of separating the complexes from other, non-
cross-linked proteins. In A. marginale cells isolated from eryth-
rocytes, the BS®- and DTSSP-linked complexes were of iden-
tical composition except for four proteins. The common
members of these complexes included Mspla, Msp2, Msp3,
Msp4, Ompl, Omp7, Omp8, Omp9, OpAG2, Am779, and
Am854, while Ompl1, Am780, Am1011, and VirB10 were
identified only in the BS>-linked complex (Table 2). The con-
cordance of results obtained with BS® and DTSSP likely re-
flects the similarity in these two cross-linkers. BS® has an
11.6-A spacer arm, while DTSSP has a 12-A spacer arm; all
other features of these two cross-linkers are identical. The
protein complexes that resulted from treatment with sulfo-
EGS (16.1 A) and sulfo-SAND (18.5 A) contained seven and
six proteins, respectively. The seven proteins identified in the
sulfo-EGS-linked complex were all also identified in the BS*-
linked complex and included Msp2, Msp3, Omp7, Am854,
Omp8, OpAG2, and VirB10. Additional outer membrane pro-
teins Msp4, Omp1l, Omp9, and Omp11, which were identified
in the BS-linked complex, were also all identified in appro-
priately sized bands between 25 and 37 kDa in the sulfo-EGS-
treated sample, indicating these proteins were detectable in
the sulfo-EGS samples but were not associated with the com-
plexes. The sulfo-SAND-linked complexes had three proteins
in common with all the other linked complexes, Msp2, Msp3,
and Omp7, and an additional three proteins unique to the

sulfo-SAND-linked complex, Am1051, Am366, and Am712. In
the sulfo-SAND-treated samples, Am854, Omp8, OpAG?2,
Msp4, Omp1, Omp9, and Omp11, which were present in com-
plexes formed by other cross-linkers, were detected from bands
between 25 and 37 kDa, indicating these proteins were detect-
able but not associated with the complexes. Sulfo-SAND is the
only cross-linker used that has a photoactivated reactive group,
which in concert with the long spacer arm (18.5 A) likely
accounts for the lesser diversity of intermolecular cross-linked
proteins in the complexes compared to the other cross-linkers.
Msp5, OpAG3, Ana29, and Ompl3 were consistently identi-
fied at the appropriate molecular sizes in samples treated with
BS?, DTSSP, sulfo-EGS, and sulfo-SAND but were unassoci-
ated with the complexes.

Immunization and challenge. Groups of five calves each
were immunized with DTSSP-linked complexes, whole outer
membranes, or, as an adjuvant control, saponin. The IgG titer
for each vaccinate in the complex-immunized and whole outer
membrane-immunized groups was 10,000. In Western blot as-
says using A. marginale isolated from erythrocytes as antigen,
sera from the complex-immunized animals bound a subset of
the proteins recognized by sera from animals immunized with
whole outer membranes (Fig. 2). Sera from outer membrane-
immunized animals recognized six predominant bands be-
tween approximately 19 kDa and 100 kDa, with doublets at 100
kDa and 25 kDa (Fig. 2). In contrast, sera from the surface
complex-immunized animals recognized a subset of these pro-
teins, with the notable absence of antibody to the 19-kDa
protein, representing Msp5. This was consistent with the de-
tection of Msp5 in whole outer membranes, but not the surface
complexes. Additionally, single bands rather than doublets
were present at 100 kDa and 25 kDa (Fig. 2). This difference
in reactivity between the surface complex-immunized and
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FIG. 2. Immunization using isolated surface complexes induced a
subset of antigen-specific antibodies compared to immunization using
whole outer membranes. Antigens in A. marginale isolated from bovine
erythrocytes were detected with serum from immunized animals that
was diluted 1:3,000. A different exposure is shown for outer mem-
brane-immunized animal 53* to more clearly indicate the doublet at
100 kDa. No specific antibodies were detected in animals prior to
immunization (shown for animal 72 [72P]) or in animals inoculated
with adjuvant alone.

whole outer membrane-immunized groups was observed at
both greater (1:10,000) and lesser (1:300) serum dilutions
(data not shown). No proteins were recognized by preimmune
sera or sera from the animals immunized with adjuvant only
(Fig. 2).

Upon challenge with A. marginale, calves immunized with
either outer membranes or DTSSP-linked complexes were
similarly, and significantly, protected from bacteremia com-
pared to animals that received only adjuvant (P < 0.01). There
was no difference in protection between outer membrane- and
complex-immunized animals. This similar level of protection is
consistent with the hypothesis that the surface complexes are
the portion of the whole outer membrane immunogen respon-
sible for inducing protective immunity against acute, high-level
bacteremia. The mean percentage of erythrocytes infected with
A. marginale was 0.60% in the groups immunized with the
surface complexes and whole outer membranes. The group
that received only adjuvant had a mean of 4.48% infected
erythrocytes (Fig. 3A). In addition, the degree of protection
against disease, measured by the severity of A. marginale-in-
duced anemia, was similar, with no significant difference be-
tween surface complex-immunized animals and outer mem-
brane-immunized animals. The animals receiving adjuvant
only had a significantly lower PCV than the animals receiving
either outer membranes or complexes (P < 0.05). The mean
percentage decrease in hematocrit was 19% for the complex-
immunized group and 28% for the outer membrane-immu-
nized group. In contrast, the mean percentage decrease in the
adjuvant control was 45% (Fig. 3B). Differences among groups
were not attributable to major histocompatibility complex hap-
lotype, as these were balanced between the groups, and there
was no association between major histocompatibility complex
haplotype and protection against either bacteremia or disease
severity.

Surface proteins of A. marginale isolated from tick cells.
Because DTSSP and BS? resulted in maximum cross-linking in
A. marginale isolated from erythrocytes, these two cross-linkers
were used to target the outer membrane proteins of A. margi-
nale isolated from ISEG6 cells. Similar to A. marginale isolated
from erythrocytes, cross-linking of A. marginale from tick cells
resulted in large-molecular-size protein complexes. As previ-
ously described, using BS? as a cross-linker, at least 15 proteins
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FIG. 3. Surface complex immunization recapitulates the protection
induced by whole A. marginale outer membrane immunization. A.
Protection against high-level bacteremia B. Protection against severe
anemia.

were present in surface complexes from A. marginale isolated
from erythrocytes (Table 2). In contrast, only five proteins,
Msp2, Msp3, Msp4, Am778, and Am854, were identified in
complexes from A. marginale isolated from tick cells and cross-
linked with BS® (Fig. 4). Am778, Msp4, and HtpG were the
only proteins identified in the DTSSP-linked complexes. How-
ever, peptides representing Msp5, Ompl, Omp4, Omp7,
Omp8, and Omp9 were identified in non-cross-linked A. mar-
ginale from tick cells, indicating that a variety of proteins could
be detected although they were not localized to the surface.
Identification of hypothetical proteins. Multiple proteins
that had not been previously detected, had been annotated as

Erythrocytes

Tick cells

Ompl
Omp7
Omp8
Omp9
Ompl1
Mspla
OpAG2
Am1011
Am780
Am779
VirB10

FIG. 4. Comparison of members of the protein complexes from A.
marginale isolated from erythrocytes and ISEG tick cells. Samples were
cross-linked with 3 mM BS®.
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TABLE 3. Identification of previously hypothetical A. marginale proteins
%
VGen.e MASCO?: Sequence PSORT prediction® Host cell” BLAST homology®
identity ion score' b
coverage
Am778 940 42 Outer membrane, 0.925 ISE6 A. phagocytophilum, Ehrlichia spp., Rickettsia spp.,
Wolbachia spp.
Am779 87 17 Outer membrane, 0.936 RBC A. phagocytophilum, Ehrlichia spp., Rickettsia spp.,
Wolbachia spp.
Am1097 49 20 Periplasmic space, 0.944; outer ISE6 A. phagocytophilum, Ehrlichia spp., Rickettsia spp.,
membrane, 0.383 Wolbachia spp.
Am202 43 6 Inner membrane, 0.808; outer RBC A. phagocytophilum, Ehrlichia spp., Neorickettsia
membrane, 0.790 sennetsu, Wolbachia spp.
Am862 120 20 Cytoplasm, 0.097 RBC A. phagocytophilum, Ehrlichia spp., N. sennetsu,
Wolbachia spp.
Am780 63 21 Inner membrane, 0.145 RBC A. phagocytophilum, Ehrlichia spp., Wolbachia spp.
Am419 27 17 Inner membrane, 0.274 RBC A. phagocytophilum, Ehrlichia spp., Wolbachia spp.
Am391 85 39 Inner membrane, 0.164 RBC A. phagocytophilum, Ehrlichia spp., Wolbachia spp.
Am742 57 15 Inner membrane, 0.217 RBC A. phagocytophilum, Ehrlichia spp., Wolbachia spp.
Amo660 153 28 Cytoplasm, 0.134 RBC A. phagocytophilum, N. sennetsu, Wolbachia spp.
Am1037 22 2 Periplasmic space, 0.938 ISE6 A. phagocytophilum, Ehrlichia spp.
Am1051 62 8 Inner membrane, 0.172 RBC A. phagocytophilum, Ehrlichia spp.
Am823 22 4 Inner membrane, 0.584 RBC A. phagocytophilum, Ehrlichia spp.
Am1048 21 1 Inner membrane, 0.423 ISE6 A. phagocytophilum, Ehrlichia spp.
Am375 85 21 Periplasmic space, 0.939 RBC, ISE6 A. phagocytophilum, Ehrlichia spp.
Am649 180 32 Inner membrane, 0.323 RBC, ISE6 A. phagocytophilum
Am347 28 9 Inner membrane, 0.179 RBC A. phagocytophilum
Am1248 24 19 Inner membrane, 0.542 RBC Ehrlichia spp.
Am630 40 5 Outside, 0.671 RBC Wolbachia spp.
Am540 41 5 Inner membrane, 0.688 RBC Nonconserved
Am368 18 1 Inner membrane, 0.391 RBC Nonconserved
Am550 21 3 Periplasmic space, 0.842 RBC Nonconserved
Am1359 21 10 Inner membrane, 0.501 ISE6 Nonconserved
Am346 1159 64 Plasma membrane, 0.600 RBC Nonconserved
Am1041 19 23 Inner membrane, 0.480 RBC Nonconserved
Am1225 77 11 Cytoplasm, 0.081 RBC Nonconserved
Am1226 69 41 Cytoplasm, 0.353 RBC, ISE6 Nonconserved
Am185 21 3 Cytoplasm, 0.179 RBC Nonconserved
Am?265 35 10 Cytoplasm, 0.102 RBC, ISE6 Nonconserved
Am712 50 8 Inner membrane, 0.172 RBC Nonconserved
Am354 27 14 Inner membrane, 0.457 RBC Nonconserved
Am359 32 9 Inner membrane, 0.361 RBC Nonconserved

“ MASCOT ion scores of =18 and significant at P < 0.05 are reported. Data reported are for the highest ion score when a protein was identified in multiple samples.

b Percentage of coverage by the identified peptide(s).

¢ Highest score for subcellular location as predicted by PSORT prediction for gram-negative bacteria (http://psort.nibb.ac.jp/form.html).

@ Host cell from which A. marginale was isolated. RBC, red blood cells.

¢ Included are organisms with proteins having an E value of less than le-5 when aligned with the A. marginale protein using NCBI BLAST (2.2.17).
/Proteins shown in bold are those identified in surface-expressed complexes. The others were identified only in bacterial lysates.

hypothetical, and had no homology to proteins with known
function were identified in these samples (Table 3). Several of
these proteins, Am778, Am779, Am780, Am1051, and Am712,
were present in surface-exposed complexes. The majority of
these proteins are conserved among at least two other mem-
bers of the Anaplasmataceae, and 4 (Am649, Am347, Am1248,
and Amo630) have homologs in only one other species within
this family, while 13 have no significant homology with other
known proteins (Table 3).

DISCUSSION

The hypothesis that A. marginale surface protein complexes
recapitulate the protective immunity induced by whole outer
membrane protein immunization was accepted based on the
significant protection against both high-level bacteremia and
anemia. The cross-linked surface proteins represent a subset of
the whole outer membrane immunogen, as demonstrated by

both the reactivity of the postimmunization sera and by the
LC-MS/MS analysis. Many of the identified proteins in the
cross-linked immunogen had been previously described and
localized to the surface, including Mspla, Msp2, Msp3, Msp4,
and OpAG2 (11, 24). The remaining identified proteins had
been predicted to be surface expressed or were known only as
hypothetical proteins; these included Ompl, Omp7, OmpS,
Omp9, Am779, and Am854. Omp1, Omp7, Omp8, and Omp9
are invariant proteins known to be expressed at high levels in
bovine erythrocytes (17). Am854, a component of the outer
membrane immunogen, is a peptidoglycan-associated lipopro-
tein, and as such is likely a structural component of the outer
membrane (12). Little is known about Am779, which was a
hypothetical protein, now confirmed to be surface expressed.

To date, a single A. marginale surface protein capable of
reproducibly inducing immunity has not been identified, while
immunization with either the outer membrane or the com-
plexes has now been shown to induce protection against both



VoL. 76, 2008

acute bacteremia and anemia. This difference between the
efficacy of the complex immunogens versus single proteins may
reflect the need for broad epitope diversity of antibody target-
ing or, alternatively, may reflect the importance of linked rec-
ognition induced by proteins in a membrane-associated com-
plex. For example, linkage of a T-cell epitope-rich membrane
protein to a membrane protein bearing B-cell epitopes results
in enhanced antibody production to the B-cell antigen (14).
The role that linked recognition of antigen plays in the induc-
tion of protective immunity will be tested by immunization
with DTSSP-linked complexes with an intact spacer arm or
with complexes that have been subjected to chemical reduction
to break the cross-linker spacer arms.

We accept the hypothesis that transition of the bacterium
from the erythrocyte to the tick cell is accompanied by remod-
eling of the surface of A. marginale. These differences are not
attributable to differences in the quantity of A. marginale iso-
lated from erythrocytes compared to tick cells, as we controlled
for this by using approximately 10-fold more tick cell-derived
organisms in the analyses. There are several possible explana-
tions for the decreased number of proteins in surface-ex-
pressed complexes of A. marginale isolated from tick cells,
including down-regulation of protein expression, altered ex-
port of proteins such that the proteins are expressed but not
exported to the surface of the bacterium, or altered protein
display such that the proteins are surface expressed but are
masked by other surface molecules and are consequently in-
accessible to the cross-linking reagents. The degree to which
ISEG6 cells replicate in the environment of the tick midgut is
unknown. Thus, additional experiments are required to con-
firm that similar membrane remodeling occurs during infection
of the tick midgut. However, previous studies comparing the
amount of Omp1, Omp4, Omp7, Omp8, and Omp9 expressed
in erythrocytes and IDES tick cells indicated that markedly
lower amounts of these proteins are present in tick cells com-
pared to erythrocytes (17). These decreased amounts of pro-
tein reflected quantitative decreases in levels of transcript in
both IDES cells and ex vivo tick midguts compared to eryth-
rocytes, indicating decreased protein expression of these mem-
bers of pfam01617 is transcriptionally regulated similarly in
both in vitro tick cells and the tick midgut (17).

Proteins identified both on the surface of A. marginale from
erythrocytes and from tick cells include Msp2, Msp3, Msp4,
and Am854. It was previously shown that Msp2, Msp3, and
Msp4 are also expressed in midguts and salivary glands of
infected ticks ex vivo (2, 22). In these experiments, Am778 was
the only protein identified that was unique to A. marginale
residing in tick cells and, furthermore, had higher ion scores
(492) than any of the other peptides identified in complexes
from A. marginale cells isolated from tick cells, suggesting large
quantities of this protein. Quantitation of 4Am778 transcript
and protein from A. marginale grown in different host cells will
be required to determine if the mass spectroscopy findings
reported here truly reflect differential gene expression. Am778
was originally annotated as a hypothetical protein and is en-
coded by a locus that also encodes Am779 and Am780. Am779
and Am780 were also identified in complexes of surface pro-
teins from A. marginale isolated from erythrocytes (Table 2).
Thus, all three of these proteins are surface expressed. Addi-
tionally, all three genes are highly conserved among the genera
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of the family Anaplasmataceae, including A. phagocytophilum,
E. canis, E. chaffeensis, E. ruminantium, and Wolbachia spp.
(7). The conspicuous exception is the absence of these genes in
Neorickettsia sennetsu, the only sequenced member of the ge-
nus Neorickettsia. N. sennetsu does not reside within the tick
during any portion of its life cycle, suggesting that differential
expression or display of the proteins from this locus may play
a role in colonization of the tick by Anaplasma spp. and Ehr-
lichia spp. Further experimentation will be required to deter-
mine the role, if any, expression of these proteins has in
colonization of either tick or mammalian host tissues.

These experiments expand our knowledge of the A. margi-
nale proteome in three ways. First, the characterized surface-
expressed protein complexes of A. marginale isolated from
erythrocytes induce protective immunity similar to that in-
duced by purified outer membranes. Thus, the outer mem-
brane components which induce protective immunity are now
more narrowly defined and allow further definition of the com-
position of an effective vaccine. Second, the differences in the
surface proteome of A. marginale colonizing tick cells and
mammalian cells are more globally defined. The regulatory
mechanisms and role that specific molecules, such as Am778,
play in the colonization of the tick cell remain to be deter-
mined. Third, the overall knowledge of the A. marginale pro-
teome is expanded by confirmation of expression of many
proteins previously identified as hypothetical.
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